1. Introduction
===============

1.1. DNA Methylation, a Physiological Process
---------------------------------------------

Developmental processes and proper biological functions are tightly dependent on hierarchical and regulated gene expression patterns. Numerous molecular processes control gene expression. DNA methylation is a physiological epigenetic process that leads to long term-repression of gene expression \[[@b1-ijms-14-15029]\]. Like histone modifications, DNA methylation does not impact genomic DNA sequence itself, but adds a methyl (CH~3~) group on cytosines of CG dinucleotides. This reaction is catalyzed by a DNA methyltransferase enzyme family composed of DNMT1, DNMT3a and DNMT3b \[[@b1-ijms-14-15029]\]. Briefly, this chemical modification affects gene expression through two major mechanisms. DNA methylation can directly interfere with the binding of transcription factors that are sensitive to methylated CpG islands (p for phosphate) \[[@b1-ijms-14-15029]\]. Alternatively, methylated cytosines are recognized by the methyl binding domain (MBD) protein family that mediates the recruitment of chromatin remodeling enzymes such as histone deacetylases \[[@b1-ijms-14-15029]\]. Consequently, histone deacetylation leads to the condensation of the chromatin and to the silencing of the neighboring gene \[[@b1-ijms-14-15029]\]. Even though present all along the genome, CG dinucleotides are not equally interspaced and are frequently grouped in CpG islands \[[@b1-ijms-14-15029]\]. DNA regions targeted by DNA methylation are physiologically subject to long term silencing. They usually correspond to genes transiently expressed during development, subject to X chromosome inactivation, imprinted genes or vestigial repeated sequences \[[@b2-ijms-14-15029]\]. Approximately sixty percent of our genes harbor one or more CpG islands in their promoter and therefore can be potentially silenced by DNA methylation. Meanwhile, in normal cells only 5% of these promoters are methylated illustrating that the establishment of this epigenetic mark is not a predominant process. However, CpG islands are not exclusively located at gene promoters, many of them are located within the gene body. Conversely, methylation of intragenic CG dinucleotides can increase transcription and/or activate an alternative promoter \[[@b1-ijms-14-15029],[@b3-ijms-14-15029]\].

1.2. DNA Methyltransferase Family and Establishment of DNA Methylation Profiles
-------------------------------------------------------------------------------

The first identified DNA methyltransferase DNMT1 is known as a maintenance DNMT \[[@b4-ijms-14-15029]\]. It is responsible for the exact copying of the DNA methylation pattern on the neo-synthesized strand during DNA replication. Therefore it principally localizes to the DNA replication fork. Due to its importance in DNA replication, DNMT1 expression is tightly regulated during the cell cycle by several mechanisms and maximal expression occurs during S phase \[[@b4-ijms-14-15029]\]. Since its role is to ensure the inheritance of the DNA methylation pattern through cell division, DNMT1 expression is maintained after development. From a transcriptional point of view, two transcript variants of DNMT1 mRNA were identified: a full-length form of 1,616 amino acids, and an oocyte-specific variant that lacks the N-terminal 118 amino acids of the full-length form (DNMT1o) but both are enzymatically active \[[@b4-ijms-14-15029]\]. DNMT1 is capable of *de novo* methylation but its affinity for unmethylated DNA is far lower than for hemi-methylated DNA. As an illustration of the crucial role of DNMT1, the genetic loss of *DNMT1* gene in the mouse model is embryonic lethal \[[@b5-ijms-14-15029]\].

The *de novo* DNA methyltransferases DNMT3a and DNMT3b are responsible for the establishment of DNA methylation patterns during development. They are highly expressed during embryogenesis \[[@b4-ijms-14-15029]\]. Similarly to DNMT1, DNMT3a and 3b expression is increased in S phase but they do not localize at the DNA replication fork \[[@b5-ijms-14-15029],[@b6-ijms-14-15029]\]. Immuno-fluorescence studies show that both *de novo* DNMTs localize to heterochromatin 6, and further experiments demonstrate that DNMT3a and DNMT3b are strongly associated to nucleosomes containing methylated DNA, and promote propagation of DNA methylation through stabilization of those enzymes \[[@b7-ijms-14-15029],[@b8-ijms-14-15029]\]. The *DNMT3a* gene encodes at least two protein products, both enzymatically active but with variation on their localization in the nucleus. The *DNMT3b* gene encodes five isoforms: two are active and three inactive \[[@b4-ijms-14-15029]\]. Conversely to DNMT1, as development progresses both genes undergo tissue-specific repression such that their expression is scarcely detectable in adult tissues \[[@b9-ijms-14-15029]\]. De *novo* methylation is a crucial developmental process as the *DNMT3b* knockout is lethal at the embryonic stage of mouse development \[[@b9-ijms-14-15029],[@b10-ijms-14-15029]\]. DNMT3a-deficient mice are viable only 4 weeks after birth \[[@b9-ijms-14-15029]\]. An additional DNMT3-like enzyme (DNMT3L) was identified. It is highly similar to DNMT3a and 3b, but lacks the catalytic domain \[[@b11-ijms-14-15029]\]. Interestingly, DNMT3L is expressed simultaneously with DNMT3a and DNMT3b, and despite its absence of enzymatic activity, it stimulates *de novo* methylation *via* its interaction with these enzymes \[[@b11-ijms-14-15029]\].

A further enzyme associated with the DNMT family based on sequence homology is named DNMT2, though it shows no DNA methyltransferase activity. Homozygous deletion of the DNMT2 gene in mouse ES cells has no effect on the maintenance or the establishment of methylation, providing evidence that DNMT2 does not play a major role in global *de novo* or maintenance methylation of CG sites in mammals \[[@b12-ijms-14-15029]\]. Other studies demonstrate that DNMT2 methylates transfer RNAs \[[@b13-ijms-14-15029]--[@b15-ijms-14-15029]\]. Consequently, DNMT2 is now known as TRDMT1 (tRNA aspartic acid methyltransferase 1) by the HUGO gene nomenclature.

1.3. DNA Methylation Alterations in Cancers and Preneoplastic Lesions
---------------------------------------------------------------------

Alteration of DNA methylation patterns is a hallmark of cancer \[[@b16-ijms-14-15029]\]. Numerous studies describe repression of tumor suppressor genes (TSG) involved in various cellular pathways (cell cycle, apoptosis or genome maintenance) during carcinogenesis by DNA hypermethylation of their promoters. Paradoxically, cancer cells exhibit a global genome hypomethylation that leads to genomic instability and re-expression of silenced genes \[[@b16-ijms-14-15029],[@b17-ijms-14-15029]\]. Mechanisms underlying this paradox are still not clearly explained. Wild and Flanagan depict current knowledge on genome wide DNA hypomethylation associated with cancer \[[@b18-ijms-14-15029]\]. Briefly, two competing theories of "passive" *vs.* "active" demethylation processes could explain this phenomenon. The former implies a disruption of the link between histone modifications and DNA methylation establishment, an aberrant localization of DNMT1 to DNA damage sites or a metabolic imbalance favoring a decrease in the methyl group donor, *S*-adenosyl-methionine. Conversely, the latter theory relies on a class of enzymes harboring a demethylase activity. The TET protein family (Ten Eleven Translocation proteins) is described to actively demethylate methyl-cytosines by their oxidization and elimination through different mechanisms in physiological conditions \[[@b19-ijms-14-15029]\]. Briefly, the TET enzyme family facilitates passive DNA demethylation by oxidizing methyl-cytosines to 5-hydroxyl-methylcytosines (5 hmC) leading to a considerable reductions in UHRF1 binding (ubiquitin-like containing PHD and RING finger domains) and in DNMT1 methyltransferase activity at the replication fork \[[@b20-ijms-14-15029],[@b21-ijms-14-15029]\]. A second mechanism involves the DNA repair pathway. Hydroxy-methylcytosines are converted either by further oxidization or by deamination that leads to a nucleotide mismatch, which will be excised and replaced by a cytosine \[[@b22-ijms-14-15029],[@b23-ijms-14-15029]\]. Last, DNMT3a demonstrates methyltransferase activity in reducing conditions and conversely, dehydroxymethylation in oxidizing conditions that converts 5 hmC in cytosines \[[@b23-ijms-14-15029]\].

Recent studies report that the induction of TET suppresses breast tumor growth, invasion and metastasis in mouse xenografts \[[@b24-ijms-14-15029],[@b25-ijms-14-15029]\]. Moreover, TET down-regulation in hepatocellular carcinoma correlates with a decreased level of 5 hmC and is associated with tumor size and poor overall survival \[[@b26-ijms-14-15029]\]. Taken together, these observations are controversial, with a pro-oncogenic effect of TET mediated-DNA demethylation.

AID proteins (apolipoprotein B mRNA editing catalytic polypeptides) mediate deamination of cytosines to uracils. This chemical reactions leads to mutations in mRNAs that are essential for the generation of the vast repertoire of antibodies in mammals \[[@b27-ijms-14-15029]\]. AID proteins are also shown to play a role in active DNA demethylation, as down-regulation of AID in heterokaryons blocks the rapid demethylation normally observed at the OCT4 and NANOG promoters \[[@b28-ijms-14-15029]\]. This strongly suggests that DNA demethylation mediated by AID is not a global effect but rather AID can target specific loci through unknown mechanisms. Moreover, remarkable studies from Métivier and co-workers highlight a demethylase activity for DNMT3a and -3b in association with DNA glycosylase and base excision repair machinery. This demethylase activity is involved in cyclical methylation and transcription of the pS2 gene promoter \[[@b29-ijms-14-15029]\]. Once again, this demethylation activity seems cyclical and does not explain the global and long term demethylation observed in cancer. Hence, in the absence of indisputable identification of the demethylation mechanisms leading to the global hypomethylation associated with cancer, current knowledge may favor slow and passive demethylation during carcinogenesis. Given the global rearrangement of the methylome, it is unlikely that all methylation changes play a causative role in carcinogenesis. Kalari and Pfeifer elegantly introduce the concept of "driver" and "passenger" DNA methylation alterations in cancer. Indeed, DNA hypermethylation of TSG promoters can be easily associated with a carcinogenic effect, and so be referred to as a "driver" alteration. Conversely, a particular chromatin environment predisposing a gene to DNA hypermethylation with no particular effect on cell transformation can reflect a "passenger" event \[[@b30-ijms-14-15029]\].

If aberrant DNA hypermethylation has been described in cancers for a long time, such alterations in pre-cancerous lesions are now documented. This constitutes an interesting field of investigation to fully understand key events of carcinogenesis. DNMT1 over-expression in pre-cancerous lesions of the pancreas has been reported \[[@b31-ijms-14-15029]\] and early DNMT over-expression is also observed in several rodent models \[[@b32-ijms-14-15029],[@b33-ijms-14-15029]\]. Despite moderate DNMT over-expression in pre-neoplastic lesions, many studies measure changes in DNA methylation in early steps of various cancers. They constitute indirect proof that DNMT mis-regulation is an early event of carcinogenesis. Sato *et al.* reports that pancreatic cancer precursor lesions display aberrant DNA hypermethylation at early stages and the prevalence increases progressively during neoplastic progression \[[@b34-ijms-14-15029]\]. Similarly, we describe that the DNA region encoding the miR-148a is hypermethylated in the early stages of pancreatic cancer \[[@b35-ijms-14-15029]\]. DNA hypermethylation of *hMLH1* and *MGMT* is found in another type of pancreatic pre-cancerous lesions \[[@b36-ijms-14-15029]\]. Alteration in DNA methylation increases from normal gastric mucosa to pre-neoplastic lesions and then cancerous lesions of the stomach \[[@b37-ijms-14-15029]\]. *GSTP1* promoter hypermethylation is detectable as early as prostatic intraepithelial neoplasia \[[@b38-ijms-14-15029]\].

1.4. Altered Expression of DNMTs in Cancers
-------------------------------------------

Despite no evidence of clearly identified actors in DNA demethylation, alteration of global DNA methylation patterns in cancer is often associated with an over-expression of DNMTs as described in various tumors such as pancreas, colon, breast, and acute and chronic leukemia \[[@b39-ijms-14-15029]--[@b42-ijms-14-15029]\]. The mechanism by which DNMT over-expression leads to aberrant DNA methylation patterns remains unclear. Robertson *et al.* demonstrates that the exact degree of over-expression of DNMTs in tumors remains controversial but a low-level over-expression seems to be common \[[@b43-ijms-14-15029]\]. In addition, the mutation of *TET2* in acute myeloid leukemia (AML) is associated with a decrease in 5 hmC content and, by the impairment of the demethylase pathway. This mutation could play a role in the DNA hypermethylation observed in cancer \[[@b44-ijms-14-15029]\]. The mechanisms that explain DNMT over-expression are various. Esteller *et al.* observes the duplication of the *DNMT3b* gene in different cancer cell lines where copy number correlates to increased mRNA and protein levels \[[@b45-ijms-14-15029]\]. Additionally, the same group showed that *DNMT3b* over-expression occurs through the stabilization of its mRNA in human colorectal carcinoma RKO cells \[[@b46-ijms-14-15029]\]. In addition to an increased amount of DNMTs, several mechanisms are proposed to be involved in the methylome rearrangement during carcinogenesis. Inappropriate timing in the expression of *DNMT*s during the cell cycle could lead to the establishment of methylation marks, and further, their aberrant localization may target uncommon DNA sequences or lead to abnormal protein-protein interaction \[[@b43-ijms-14-15029]\].

AML is known to be associated with frequent *DNMT3a* mutations. Measurements of mutation frequency of the *DNMT3a* gene in AML reveal that 22% of AML patients display mutations predicting translational consequences. These mutations mainly occur at the amino acid R882. Interestingly, gene expression analysis does not show specific expression profiles in cells expressing *DNMT3a* mutants. To our knowledge, the exact functional consequences of such changes are not detailed but are associated with a shorter median overall survival (12.3 months *vs.* 41.1 months) \[[@b47-ijms-14-15029]\]. Moreover, no mutation is found in *DNMT1*, *DNMT3b* and *DNMT3L* genes, suggesting a relative specificity of the *DNMT3a* mutation for AML.

2. DNA Methylation Studies in Biological Samples
================================================

The discovery of alterations in DNA methylation in cancer cells is offering scientists an alternative field of investigation to differentiate tumor cells from normal cells. This is complementary to the genetic and cytological analyses used to date to improve cancer diagnosis. A large panel of molecular approaches has been developed to study DNA methylation profiles from a variety of biological samples. They differ by the number of DNA regions studied, their sensitivity, reproducibility, resolution, duration, and cost. Here, we describe some of the most appropriate techniques that can be used for cancer diagnosis. We also describe the next generation technologies that will allow for the identification of new methylated DNA markers to further improve cancer diagnosis.

2.1. Most Common Approaches for DNA Methylation Studies
-------------------------------------------------------

Almost forty years have passed since scientists were able to quantify 5-methylcytosine content in genomic DNA by high-performance liquid chromatography (HPLC) \[[@b48-ijms-14-15029]\], high-performance capillary electrophoresis (HPCE) \[[@b49-ijms-14-15029]\] or nearest-neighbor analysis \[[@b50-ijms-14-15029]\]. Although these approaches provide accurate percentages of methylated cytosines, they lack information on the location of methylated cytosines on the genome. Whereas global DNA hypomethylation is proposed as an useful biomarker for liver cancer diagnosis \[[@b51-ijms-14-15029]\], it seems difficult to implement these techniques for cancer diagnosis in clinical usage. The exact positioning of methylated cytosines became possible with the use of methylation-sensitivity restriction enzymes (MSRE) combined with polymerase chain reaction (PCR). This method requires an extremely small amount of starting DNA material; however, the resolution of methylation patterns is limited to the number of restriction sites in a given DNA region. Genome-wide implemented methods are proposed such as Restriction Landmark Genome Scanning (RLGS) \[[@b52-ijms-14-15029]\], amplification of inter-methylated sites (AIMS) \[[@b53-ijms-14-15029]\] or methylation arbitrarily primed PCR (Ms-AC-PCR) \[[@b54-ijms-14-15029]\] but hardly applicable for cancer diagnosis in the clinical routine.

Sodium bisulfite treatment of genomic DNA revolutionized DNA methylation studies \[[@b55-ijms-14-15029]\]. It consists in a chemical reaction that modifies unmethylated cytosines into uracils and does not affect methylated cytosines. Methylation patterns for specific DNA regions or the entire genome is obtained from bisulfited DNA using PCR-based or microarray approaches. Modified DNA is amplified by PCR using dedicated PCR primers that confer sequence specificity and a high sensitivity. DNA bisulfite conversion has been used for the development of a large panel of different molecular approaches. As one of them, bisulfite mapping allows the determination of DNA methylation patterns for specific DNA regions spanning approximately 100 bp to 1 kb. Several sequencings for a given PCR product are required to obtain precise and quantitative description of DNA methylation patterns. This classical technique is inexpensive, reproducible and with high resolution. Even though this approach is poorly sensitive and time consuming, it is frequently used to finely map the precise methylation level of nucleotides. Methylation specific-PCR (MS-PCR) is a method that derives from the latter one in which two sets of PCR primers are specifically designed to amplify methylated and unmethylated DNA regions of interest \[[@b56-ijms-14-15029]\]. The detection of PCR products is originally performed by gel electrophoresis. This technique has been replaced by Quantitative MS-PCR (qMS-PCR), in which PCR amplification is monitored in real time by the incorporation of fluorescent molecules. This improvement allows for precise quantification of the DNA methylation levels of numerous specific regions and avoids the long electrophoresis step. Quantitative multiplex MS-PCR (QM-MS-PCR) and one step MS-PCR (OS-MS-PCR) \[[@b57-ijms-14-15029]\] are also available to co-amplify specific genes in tissues from different origins or to determine DNA methylation levels of a specific region without the DNA extraction procedure. Since they only provide the methylation status of few CpG sites (contained in PCR primers), qMS-PCR requires perfect knowledge of the most discriminative methylated regions present in cancer cells to design powerful primers for diagnosis. As these approaches provide quantitative measurements of DNA methylation, it is necessary to define a cut-off DNA methylation value before declaring that a sample is positive \[[@b56-ijms-14-15029]\]. Nevertheless, qMS-PCR techniques are simple, rapid, inexpensive, highly-sensitive and easily standardized. They are currently one of the most commonly used techniques for cancer diagnosis in clinical use. Methylation-sensitive high-resolution melting (MS-HRM) is based on the fact that the nucleotide sequence of PCR products of bisulfite-treated DNA will differ depending on the methylation status of the DNA region of interest. The methylation level is determined by comparing the melting dissociation curves to standard PCR products of the same region containing known methylated CpG sites. Despite its high sensitivity, this method requires the acquisition of specific PCR apparatus and skilled operators. COBRA, for combined bisulfite restriction analysis, uses the ability of bisulfite conversion to create new restriction enzyme sites or to maintain consensus sites of MSRE. After amplification, PCR products are digested with appropriate MSRE. The proportion of digested PCR products is compared to undigested PCR products by poly-acrylamide gel electrophoresis and image quantification software. This technique is reliably applied to DNA obtained from formalin-fixed paraffin embedded (FFPE) tissue sample \[[@b58-ijms-14-15029]\]. Moreover, this approach allows for the assessment of the DNA methylation of a large number of biological samples. This technique is, however, limited by the presence of restriction sites in the sequence of interest after bisulfite treatment. More recently, high throughput approaches have been developed. For instance, Methyl Light is a high throughput quantitative methylation assay that uses fluorescent-based real time PCR (TaqMan^®^, Applied Biosystems, Forster City, CA, USA) in combination to bisulfite treatment \[[@b59-ijms-14-15029]\]. Also combined with bisulfite treatment pyro-sequencing is a quantitative DNA sequencing method in which light is emitted as a result of an enzymatic reaction representing each time a nucleotide is incorporated into the growing DNA chain \[[@b60-ijms-14-15029]\]. The approaches are limited by a short length of studied DNA and require exclusive apparatus. However, both these quantitative techniques detect low amounts of methylated DNA in heterogeneous DNA preparation. Easily standardized, rapid and inexpensive, these techniques are increasingly used for clinical purpose.

Beside the different approaches used for cancer diagnosis, several genome-wide technologies have recently been developed. Less applicable for clinical practice, these next-generation technologies are perfectly adapted for the discovery of new DNA methylation biomarkers. Classical chromatin immuno-precipitation followed by array hybridization (ChIP on chip) identified numerous aberrantly methylated genes in cancers. Basically, methylated DNA is purified using MBD protein domains or antibodies directed against 5-methylcytosine (methyl-DIP) and subsequently hybridized on genomic microarray \[[@b61-ijms-14-15029]\]. Although these approaches allow for large scanning of the genome, they do not provide direct proof of DNA methylation. Validation analysis is often recommended to prove actual difference in methylation levels. More recently, next-generation sequencing (NGS) technologies significantly increased the resolution level of DNA methylation profiles. For instance, ultra-deep sequencing using 454 sequencing apparatus (Roche) provides the methylation of 25 genes in more than 40 samples in a reduced amount of time \[[@b62-ijms-14-15029]\]. NGS can also be adapted to immuno-precipitated DNA fragment (Methyl DNA Immuno-precipitation sequencing also called MeDIP seq). Ultimately NGS permits the sequencing of the entire genome after bisulfite conversion. Although this new approach requires bio-informatic expertise, whole genome bisulfite sequencing (WGBS) recently revealed new differentially DNA methylated regions in chronic lymphocytic leukemia cells \[[@b63-ijms-14-15029]\]. Beside these NGS approaches, high throughput single nucleotide polymorphism (SNP) genotyping systems are suitable for DNA methylation analysis from bisulfite-converted genomic DNA \[[@b64-ijms-14-15029]\]. For instance, the methylation analysis of 1,500 CpG from 371 genes in 96 samples (Golden Gate^®^ BeadArray-Illumina) allowed the identification of a panel of adenocarcinoma-specific methylation markers. This technology was implemented and now allows for the methylation analysis of approximately 450,000 CG sites spread along 99% of human genes (Infinium Human Methylation 450-Illumina). Using this approach, Fuks' group highlighted the existence of previously unrecognized breast cancer groups, therefore improving diagnosis of this cancer \[[@b65-ijms-14-15029]\].

2.2. Variety of Biological Samples for DNA Methylation Studies
--------------------------------------------------------------

Owing to its capacity to resist extreme conditions, DNA can be obtained from a large panel of tissue samples or biological fluids. Moreover, highly sensitive techniques (see above) can detect aberrantly methylated DNA from small amounts of DNA or diluted within DNA from normal cells. Biological samples differ by their accessibility and enrichment in tumor cells and organ specificity. After surgery, solid tumor (primary tumors or metastasis) samples constitute the samples of choice for DNA methylation studies. They are enriched in tumor cells and provide significant amounts of DNA. Archived samples with corresponding clinical annotations such as FFPE tumor sections are also used to detect methylated DNA; these samples are restricted to patients who are subject to surgery and DNA from solid tumors is obtained after biopsies or biopsy washing \[[@b35-ijms-14-15029]\]. The samples provide precious DNA from patients who are not necessarily eligible for surgical resection. Cytological analyses are usually performed in parallel. Blood samples (plasma and serum) are commonly used in clinical research as potential sources of minimally invasive specimen acquisition for DNA methylation studies. They display a high uniformity of specimen collection and preparation in comparison to any other clinical samples. However, aberrant DNA methylation may originate in any organ. It is currently difficult to envisage how a blood positive screening assay would point the clinician toward the site of malignancy. While plasma and serum samples are used to target cell-free circulating DNA from solid tumors, white blood cells are particularly appropriate for leukemia. DNA for detection of methylation abnormalities can also be extracted from other sources of biological fluids. Indeed, DNA from detached tumor cells, and free floating DNA from dead tumor cells can be retrieved in small proportion in biological fluids some of which contain aberrantly methylated DNA from diverse tumor origin \[[@b66-ijms-14-15029]\]. For instance, saliva rinses that contain cells from oral mucosa is employed for methylation studies to assist in early oral tumor diagnosis \[[@b67-ijms-14-15029]\]. Urine contains cancer cells from the bladder, kidney and prostate origin. Sputum and bronchial washings are often used to improve the diagnosis of lung cancer \[[@b68-ijms-14-15029]\]. Pancreatic juice obtained by ultrasound echo-endoscopy has shown its potential use of methylated DNA markers for the diagnosis of pancreatic cancer *vs.* chronic pancreatitis \[[@b69-ijms-14-15029],[@b70-ijms-14-15029]\].

3. Altered DNA Methylation, Marks for Cancer Diagnosis
======================================================

Challenges in the field of biomarkers for cancer diagnosis follow a process of validation in which two unconditional criteria are evaluated to establish the potential usefulness of a biomarker: sensitivity and specificity \[[@b71-ijms-14-15029]\]. Sensitivity is defined as the proportion of confirmed disease subjects who show positive detection of the marker whereas specificity refers to the proportion of patients, negative for the disease and tested negative for the biomarker. The ideal biomarker would display 100% of sensitivity and 100% of specificity. This would mean that no cancer patient would be negative for the test, and that no cancer free patient would be positive for this biomarker. As this biomarker does not exist yet, researchers face three choices:

1.  \- To improve existing tests using an existing biomarker;

2.  \- To discover new biomarkers with high sensitivity and specificity;

3.  \- To associate several biomarkers to compensate poor performance.

Over the last two decades the potential use of DNA methylation marks as biomarkers for cancer diagnosis has been assessed. Although much remains to be done in their validation and assessment of specificity and sensitivity, many alterations have arisen as potential markers. This section gives a rapid overview of the most common alterations in DNA methylation in cancer and their potential as diagnostic biomarkers. Our aim is not to give an exhaustive list of epigenetically altered genes but rather illustrate the comprehensive impact of such alterations on different functional groups of genes.

3.1. Cyclin Dependent Kinase Inhibitor, P16 ink4a
-------------------------------------------------

P16ink4a is a multiple tumor suppressor involved in cell cycle regulation. It inhibits the formation of an E2F--DB active transcriptional complex and promotes the formation of the Rb--E2F repressive transcriptional complex. This results in the prevention E2F-dependent transcription and blocks cell cycle progression past the G~1~/S restriction point \[[@b72-ijms-14-15029]\]. *P16ink4a* is found hypermethylated in numerous types of tumors including 27% of colorectal cancer with a sensitivity of 70%, and a specificity of 100% from patient serum in liver cancer with a sensitivity of 73%, and in 24% of lung cancer \[[@b72-ijms-14-15029]--[@b75-ijms-14-15029]\].

3.2. O6-Methylguanine-DNA-Methyltransferase, MGMT
-------------------------------------------------

MGMT protein contributes to genome repair DNA by damage reversal. DNA repair occurs as a one-step reaction that leads to the transfer methyl or chloro-ethyl group to the active centre of the MGMT molecule. This results in restoration of guanine in the DNA and irreversible inactivation of MGMT. Therefore, MGMT is often referred to as a "suicide enzyme" \[[@b76-ijms-14-15029]\]. This protein plays a dual role in cancer: loss of expression enhances DNA damage while increased expression enhances the risk of cancer. Many cancers display high expression levels of MGMT responsible for chemo-resistance. Brain tumors are the most documented, with an epigenetic repression of approximately 40% of patients \[[@b77-ijms-14-15029]\]. A similar observation is reported in 46% of colorectal tumor samples \[[@b78-ijms-14-15029]\]. Besides its potential as a diagnostic, it is shown that methylation of the *MGMT* promoter is associated with responsiveness to carmustine; and with an increase in overall survival and progression of disease \[[@b77-ijms-14-15029]\].

3.3. Glutathione *S*-Transferase Pi 1, GSTP1
--------------------------------------------

GSTP1 participates to cell detoxification. GSTP1 eliminates exogenous compounds by the conjugation of glutathione \[[@b79-ijms-14-15029]\]. Numerous studies report altered expression of GSTP1 in cancers, and it is implicated in resistance to chemotherapy \[[@b80-ijms-14-15029]--[@b82-ijms-14-15029]\]. Loss of GSTP1 expression by promoter hypermethylation is a major event in prostate cancer in which *GSTP1* is found hypermethylated in 73% of cases with a sensitivity of 73%, a specificity of 100%, a positive predictive value (PPV) of 100% and a negative predictive value (NPV) of 78% \[[@b83-ijms-14-15029]\]. *GSTP1* hypermethylation is also reported in breast carcinogenesis and large B cell lymphoma \[[@b80-ijms-14-15029],[@b84-ijms-14-15029],[@b85-ijms-14-15029]\].

3.4. MutL Homolog 1, MLH1
-------------------------

The *MLH1* gene encodes a protein involved in the DNA mismatch repair machinery. Insertion or deletion events and base mismatches result from DNA polymerase replication errors, recognized and corrected by the DNA mismatch repair pathway (MMR). This pathway consists of 3 major heterodimeric complexes, MutL homologue (MutL)α, MutS homologue (MutS)α, and MutSβ. MLH1 is part of the MutLα complex and is responsible for the recruitment of the excision and repair machinery to the site of a non-complementary base marked by either MutSα or MutSβ \[[@b86-ijms-14-15029],[@b87-ijms-14-15029]\]. The genomic region encoding *MLH1* is frequently hypermethylated in colon cancer with a high association with microsatellite instability (86% of cases) \[[@b88-ijms-14-15029]\]. The aberrant DNA methylation of this region is also found at lower frequency in endometrial cancer (37.5% of primary tumors and 5.6% of metastatic lesions investigated) and in ovarian cancer (8% of patients) \[[@b89-ijms-14-15029]--[@b91-ijms-14-15029]\].

3.5. Breast Cancer Type 1 Susceptibility Protein, BRCA1
-------------------------------------------------------

BRCA1 is involved in DNA double-strand break repair by sensing and signaling DNA breaks; through its interaction with numerous co-factors BRAC1 participates in double-strand break repair \[[@b92-ijms-14-15029]\]. BRCA1 rapidly localizes at breakage sites marked with histone H2A-X and interacts with enzymes that alter chromatin and DNA structure, making surrounding DNA more accessible to repair machinery. The silencing of the *BRCA1* gene by promoter DNA hypermethylation occurs in breast cancer (13%), but depending on cancer subtypes, *BRCA1* promoter hypermethylation is present in 55% of sporadic mucinous breast carcinomas and in 67% of medullary breast carcinomas \[[@b91-ijms-14-15029],[@b93-ijms-14-15029],[@b94-ijms-14-15029]\]. In ovarian cancer, *BRCA1* promoter is hypermethylated in 31% of sporadic ovarian carcinomas with loss of heterozygosity at *BRCA1* locus \[[@b93-ijms-14-15029]\].

3.6. Septin 9, SEPT9
--------------------

Septins are GTP binding proteins involved in numerous cellular functions such as cytokinesis and vesicle trafficking, as well as in microtubule and actin dynamics. Despite the fact that the exact role of septins is still a matter of intensive investigation, their relationship with cancer is well established. *SEPT9* hypermethylation is found in colorectal and head and neck cancer patients \[[@b95-ijms-14-15029],[@b96-ijms-14-15029]\]. Moreover, carcinogenesis is associated with a change in SEPT9 isoform expression which can be explained by the methylation of an alternative promoter in breast cancer \[[@b97-ijms-14-15029]\]. This illustrates the caution required when studying DNA methylation patterns, which can differ from one region of a gene to another. Finally, a plasma-based SEPT9 methylation-screening test displays a sensitivity of 72%, and a 90% specificity in the detection of colorectal cancer patients \[[@b98-ijms-14-15029]\].

3.7. MicroRNA Encoding Genes
----------------------------

MicroRNAs are small non-coding RNA that target messenger RNA (mRNA) and inhibit their translation into proteins. Since a single microRNA can target numerous mRNAs, alterations in their expression during carcinogenesis is a major event, as they can affect a broad range of cellular functions. Lu *et al.* demonstrates that the expression profile of microRNAs can classify human cancer. Interestingly, this study reports that most of microRNAs have low expression levels in tumors compared to normal tissues \[[@b99-ijms-14-15029]\]. High-throughput analyses of global microRNAs expression profiles are promising tools for cancer diagnosis as they quantify several hundreds of potential markers \[[@b99-ijms-14-15029],[@b100-ijms-14-15029]\]. Moreover, considering the impact of microRNAs on cell regulation, the mechanisms responsible of their down-regulation are crucial in comprehending carcinogenesis. In addition to a global impairment of the maturation machinery of microRNAs, DNA methylation participates in the silencing of such molecules \[[@b101-ijms-14-15029]\]. Saito *et al.* was the first to detail the relationship between miR-127 repression and DNA hypermethylation \[[@b102-ijms-14-15029]\]. Other groups describe this silencing by DNA of miR-9-1, miR-124a3, miR-148a, miR-152, and miR-663 in 34%--86% of cases of a breast cancer collection \[[@b103-ijms-14-15029]\]. Similarly, Wong *et al.* shows that the miR-34a promoter is hypermethylated in 18% of multiple myeloma \[[@b104-ijms-14-15029]\]. We also show that miR-148a genomic sequence is hypermethylated in pancreatic cancer cells \[[@b35-ijms-14-15029],[@b105-ijms-14-15029]\]. This illustrates that similarly to protein encoding regions, the silencing of non-coding RNA can be an indicator of cancer development, therefore unveiling miRNAs as remarkable source as diagnostic markers.

3.8. Hypomethylated Genes in Cancer
-----------------------------------

DNA demethylation associated with cancer occurs principally in long repetitive elements, and peri-centromeric regions \[[@b18-ijms-14-15029]\]. For a long time, marker discovery process was dependent of the observation of a change in protein expression and the research of the mechanism involved. As DNA hypomethylated regions in cancer do not always correspond to protein encoding regions, their interest has been underestimated. S100 calcium-binding protein P (S100p) over-expression in pancreatic and prostate cancers occur by DNA hypomethylation \[[@b106-ijms-14-15029],[@b107-ijms-14-15029]\]. S100p stimulates cell proliferation and survival. Its hypomethylation is found in 100% of a small cohort of pancreatic cancer tissues \[[@b106-ijms-14-15029]\]. A lower frequency is found in prostate cancer, in which S100p is retrieved hypomethylated in 50% of samples \[[@b107-ijms-14-15029]\]. Long Interspaced Nucleotide Elements (LINE-1) is an ancestral repetitive element containing a high concentration of CpG islands, for which the methylation level is reported as a good indicator of the global methylation level in the genome. In their study, Ogino *et al.* reports that LINE-1 hypomethylation is associated with shorter survival among colon cancer patients \[[@b108-ijms-14-15029]\].

3.9. Imprinted Genes
--------------------

In contrast to bi-allelic expressed genes, imprinted genes show a parental-specific mono-allelic expression, as one other allele is repressed by DNA methylation. One interesting feature of gene imprinting is that repression is not gene-specific, but depends on the imprint on the surrounding genomic region. Until now, \~130 imprinted genes have been described, many of which control crucial functions during embryonic development \[[@b109-ijms-14-15029]\]. As carcinogenesis globally impacts the DNA methylome, one could hypothesize a probable deregulation in genomic imprinting. It has been reported that a "loss of imprinting" of insulin-like growth factor II (IGF2) and the *H19* large intergenic non-coding RNA coding regions is found in 100% of chronic myeloid leukemia (CML), 80% of ovarian tumors, 70% of Wilms' tumors, 66% of colorectal cancer, 56% of Barrett's esophagus, 50% of renal-cell carcinomas, 50% of esophageal cancer, 47%--85% of lung adenocarcinoma and 30% of meningioma \[[@b110-ijms-14-15029]\]. In accordance with other hypomethylated genes in cancer, loss of imprinting impacts numerous types of cancer and represents a potential mark for further investigation.

4. DNA Methylation as Biomarkers
================================

Since sensitivity and resolution in the approaches to study DNA methylation were greatly improved, a profusion of methylation marks in most types of cancer have been described in the literature \[[@b91-ijms-14-15029],[@b111-ijms-14-15029]\]. Frequently documented DNA methylation marks are often not specific of one cancer but mostly conserved among tumor types. Thus, it seems challenging to propose a single DNA methylation alteration as a biomarker for a certain type of cancer. A combination of methylation marks is more likely to discriminate various types of cancers and to compensate the lack of specificity of each mark taken independently. Meanwhile, the combination of different biomarkers leads to a better specificity but also to lower sensitivity.

4.1. In Cancer Diagnosis
------------------------

As diagnostic tools exist for the vast majority of cancers, DNA methylation-based biomarkers have to overcome current limitations and meet a clear medical need for their approval ([Figure 1](#f1-ijms-14-15029){ref-type="fig"}). They should exhibit a greater sensitivity and specificity than existing diagnostic procedure or a better accessibility through minimal invasive approaches. Thus, the actual interest of DNA methylation marker is discrete concerning cancer for which reliable diagnostic markers already exist. However, DNA methylation markers are of great interest in cases where differential diagnosis is difficult using conventional diagnostic procedure. They can be used alone or in combination with other diagnostic methods. An illustration for the use of a DNA methylation marker as a tool to differentiate cancer diagnosis, McCluskey *et al.* shows that the difference in *p16* gene hypermethylation distinguishes benign and malignant ovarian tumors and that the distal promoter is methylated in 33% of low-malignant potential tumors compared to 5% of carcinomas \[[@b112-ijms-14-15029]\]. Similarly, our group demonstrates that the level of methylation in the gene encoding the miR-148a is a potential diagnostic tool for the differential diagnosis between pancreatic cancer and chronic pancreatitis \[[@b35-ijms-14-15029]\].

4.2. In Early Detection of Cancer and Screening of High Risk Population
-----------------------------------------------------------------------

The early detection of cancer in the absence of specific symptoms, or screening large population cohorts represents a confounding issue in the field of cancer diagnosis ([Figure 1](#f1-ijms-14-15029){ref-type="fig"}). Both encounter the same issues regarding specificity and sensitivity as cancer diagnostic tools, but present more prerequisites. Besides the fact that alterations have to occur early during carcinogenesis, a vast proportion of patients will obviously be negative for the screening, so the test performed will have to respect a high cost/effectiveness ratio, and will rely on non-invasively obtained tissues. In population screening procedures, biomarkers with a high sensitivity will be required to discard the false positive patients. Several works have demonstrated the feasibility of cancer detection by DNA methylation detection using minimally invasive procedures. Fujiwara *et al.* determined the DNA methylation profile of 5 genes, suitable for early detection of lung cancer patients. The study shows that when DNA hypermethylation of at least one gene is considered as positive, specificity and predictive values of methylation are 85% and 75%, respectively \[[@b113-ijms-14-15029]\]. Likewise, Müller *et al.* reports that *SFRP2* is hypermethylated in fecal DNA of patients with colorectal cancer with a sensitivity of 77% and a specificity of 77% \[[@b114-ijms-14-15029]\]. Both studies demonstrate the feasibility of cancer diagnosis from easy-to-access samples with comfortable specificity and sensitivity, at least from a technological point of view.

4.3. As an Advanced Diagnostic Tool
-----------------------------------

At the frontier of cancer diagnosis, tumor profiling gives determinant information about the aggressiveness, chemo-sensitivity and invasion capacity ([Figure 1](#f1-ijms-14-15029){ref-type="fig"}). Similarly to cancer diagnosis, tumor sub-classification requires additional biomarkers (cytological, molecular) to determine the precise cellular origin and the mutational status of the tumor. DNA methylation patterns can serve as a powerful tool for improved classification of tumors. For instance, the use of high resolution DNA methylation based biomarkers (67,487 probes) in 49 acute lymphoblastic leukemia (ALL) patients can separate the different ALL subtypes and influence clinical outcome \[[@b115-ijms-14-15029]\]. AML is a heterogeneous disease, displaying variability in the degree of commitment and differentiation of the cell lineage, representing a critical issue toward the development of accurate clinical classification, risk stratification, and targeted therapy. Figueroa *et al.* classifies 344 patients into 16 groups based on the epigenetic profiles of 15 genes. Among these groups, five display an original methylation signature with distinct clinical outcomes \[[@b116-ijms-14-15029]\].

Similarly to AML, gliomas are a heterogeneous group of intracranial neoplasia of glial origin that can be divided into different subtypes based on their cellular origin, and, into different grades according to cell density, nuclear appearances, pleomorphism, mitotic activity, vascular proliferation and regional necrosis. Genome wide-DNA methylation studies have permitted the identification of CpG island methylator phenotype (CIMP) \[[@b117-ijms-14-15029]\]. Uhlmann *et al.* established tissue as well as grade specific methylation profiles by the determination of the methylation level of 15 genes \[[@b118-ijms-14-15029]\]. Another example is the identification by genome wide DNA methylation approaches of two different CIMP groups (high and low) in colorectal patients \[[@b119-ijms-14-15029]\].

Beside tumor classification and identification, an interesting feature of DNA methylation profiles is the capacity to predict tumor response to treatments and to improve patient prognoses. Predictive epigenetic biomarkers will allow a personalized management of the patient based on their individual methylation profile. For instance, DNA hypermethylation of *MGMT* promoter in 40% of glioma patients is directly associated with the tumor resistance to conventional chemotherapy based on alkylating agents. Moreover, accumulation of normal cells in the tumor biases the assessment of MGMT expression in the tumor. *MGMT* methylation status seems to be a better indicator of its transcriptional activity. More importantly, it correlates with tumor regression and prolonged overall and disease-free survival \[[@b77-ijms-14-15029]\].

Complexity and abundance of methylation marks revealed by genome-wide analysis open a new avenue of research towards the identification of novel biomarkers for cancer diagnosis. One could expect that the use of these approaches will lead to a "one-step diagnostic tool" informative on tumor presence, origin, sub-classification, grade, invasiveness, metastatic potential, chemo-sensitivity and relapse risk.

5. Principal Requirements to Develop Diagnostic Biomarkers
==========================================================

Despite the plethora of studies on potential methylated DNA markers for cancer diagnosis, the majority fails to meet clinical requirements. Many studies suffer defects in their design or their restricted size in patient sets; while most studies are abandoned in early validation steps. Here, we briefly describe some principal prerequisites for the elaboration of a reliable cancer diagnostic biomarker for clinical use.

5.1. Preclinical Requirements
-----------------------------

The choice of tissue origin is determinant for further clinical use as early diagnosis or diagnostic biomarkers. The accessibility to biological samples is then a determinant criterion. Most studies that identify epigenetic biomarkers are conducted on resected primary tumors. These samples will not necessarily be suitable for early diagnosis in clinical routine since most tumor diagnoses are established from biopsies. Furthermore, epigenetic marks determined in the resected tissue will not always be present in easy-to-access body fluids. The less invasive the test is, the more suitable it is for clinical purpose. Thus, researchers should favor biomarker identification studies from relatively easy-to-access biological samples to permit an easier translation towards clinical use.

The very first step of biomarker discovery is often a comparison between cancer and normal tissues. A vast majority of studies present results obtained from a limited number of control tissues that may not be representative of the actual DNA methylation status in the healthy population. The concept of healthy population raises another problem: the nature of the control tissue itself. As DNA methylation patterns vary depending on age, gender, or different non-cancerous pathologies, one should be attentive to the proper definition of the control population chosen to be compared to the cancer population. Cancer free samples should be sex - and age- matched and all the essential epidemiological information should be available for the investigated cancer type to allow for proper adjustments. Researchers should ensure that DNA methylation pattern of a specific gene is different from a control free cancer population or related associated pathology. For solid tumors, a frequently used procedure to identify distinctive epigenetic marks is to compare resected tumor samples to adjacent "healthy" tissue. Unfortunately, patients that undergo surgery may harbor other alterations in resection margins due to inflammation, "driver" or "passenger" molecular alterations preceding cytological changes. The lack of control samples from healthy donors is a major limitation in biomarker identification. In this context, studies conducted from serum or samples obtained from minimally invasive procedure should abrogate this problem as they give an easier access to samples from healthy donors.

5.2. Validation
---------------

The main barrier in biomarker validation is certainly the reproducibility of results. This validation must follow basics rules \[[@b120-ijms-14-15029]\]. Among all the different biases encountered during biomarker validation, over-fitting is one of the most substantial. Over-fitting occurs when a large number of variables are used to discriminate between small numbers of patients. Classically, a distinctive pattern might be independent of cancer itself, but representative of training set heterogeneity. This situation harmonizes with the use of high throughput technologies as microarrays or NGS. Then, intra-laboratory use of a large validation set, independent from the training set, is critical for the validation of the lead.

Many phase I pre-clinical studies (discovery, or proof-of-concept phase) propose that their lead can represent a new biomarker of interest for the diagnosis of a particular cancer. However, most of them do not compare their newly-identified biomarker to pre-existing diagnostic methods. The Food and Drug Administration (FDA) and other regulatory administrations request a lead to rejoin an unmet medical need, as a *sine qua non* condition in order to not be redundant with an existing standardized method. Assessment of this criterion inevitably goes through the comparison of the lead with the gold standard method clinically used where lead has the obligation to bring an improvement such as performance (sensitivity/specificity), cost/effectiveness ratio, invasiveness. Once the interest of the lead is established, results have to succeed an inter-laboratory result validation using a different cohort. Lack in this validation procedure or insufficient performance can explain why most newly-identified epigenetic biomarkers do not cross the clinical barrier.

5.3. Clinical Requirements
--------------------------

The next step of clinical implementation for a new biomarker is the extension of the validation process described above to a larger cohort to further assess inter-individual variability in DNA methylation levels. This critical stage requires a standardization of DNA methylation assessment as that extension may be multi-centered. As discussed in the "Detection of Aberrantly Methylated DNA in Biological Samples" section, reproducibility of epigenetic biomarker detection should standardize specimen sampling, reception, storage and preparation. For example, as a DNA methylation pattern is often heterogeneous among the same gene promoter, variations in technological approaches or location of analyzed promoter regions may generate different results. To date, several ready-to-use kits are available to analyze the DNA methylation status of specific genes for cancer diagnosis in clinical use \[[@b121-ijms-14-15029]\]. Such standardization in the processing of samples would be the cobblestone of reproducible results among laboratories.

Last, concerning early detection biomarkers, an adequate follow-up for the cancer free samples used as the control population is necessary to ensure the absence of tumor development in the years following biomarker assessment. This consideration strengthens the robustness of the biomarker in detecting developing tumors at early step through the exclusion of false negative control patients.

6. Current Drugs/DNA Methylation Inhibitors and Clinical Trials, DNA Methylation Inhibitors
===========================================================================================

DNA methylation machinery is an attractive therapeutic target to reactivate aberrantly methylated TSG. DNA methylation inhibitors are classified as nucleosidic and non-nucleosidic inhibitors. Although many of them mediate inhibitory effects of DNA methylation in preclinical studies, only few of them are clinically used. We describe here the classical DNA methylation inhibitors as well as promising compounds that are, for some of them, currently tested in clinical trials.

6.1. Nucleosidic DNA Methylation Inhibitors
-------------------------------------------

There exist three families of first generation nucleosidic inhibitors. They all require their incorporation in replicating DNA to be active via a covalent interaction with DNMTs. One of the main goals is to ideally target replicating tumor cells, avoiding normal cells. By interfering with the copying of aberrant DNA methylation patterns, nucleosidic inhibitors are aimed at erasing aberrant DNA hypermethylation.

### 6.1.1. Azacytidine

Azacytidine or 5-azacytidine (Vidaza^®^, Celgene, Summit, NJ, USA) is a cytidine analog in which the carbon atom 5 is replaced by a nitrogen atom. After cell entry, azacytidine is converted into a tri-phosphorylated active form and then incorporated into DNA and RNA \[[@b122-ijms-14-15029]\]. This analog is recognized by the DNMTs as normal cytosine, unfortunately it creates an irreversible covalent link with the enzyme leading to a cellular DNMT depletion \[[@b123-ijms-14-15029],[@b124-ijms-14-15029]\]. Approved by the FDA, azacytidine is currently used for the treatment of AML and myelodysplastic syndrome (MDS) \[[@b125-ijms-14-15029]\]. This compound is unstable in aqueous solution and displays significant cytotoxic effects *in vitro* and *in vitro* \[[@b123-ijms-14-15029],[@b126-ijms-14-15029]\]. Clinical trials to test azacytidine effects on patients with relapsed or refractory myeloid malignancies (MM) are currently ongoing (ClinicalTrials.gov Identifier NCT00412919). Recent studies in xenografted mouse models demonstrate that low doses of azacytidine (and also decitabine, see below) have antitumor effects on solid tumors (breast, colon, lung) \[[@b127-ijms-14-15029]\]. Effects of low doses of azacytidine in combination with Entinostat (HDAC inhibitor) have proven efficacy in patients with refractory advanced non-small cell lung cancer in a phase I/II study \[[@b128-ijms-14-15029]\]. A randomized phase II clinical trial for adjuvant combined epigenetic therapy with azacytidine and Entinostat (orally bioavailabile histone deacetylase) in resected stage I non-small cell lung cancer (NCT01207726) is currently on-going. Similarly, a phase I/II clinical study of azacytidine, docetaxel and prednisone treatment of patients with metastatic prostate cancer previously treated with docetaxel is also being performed (NCT00503984). A prospective phase II study shows the safety and the efficacy of 5-days of azacytidine treatment in patients with low-risk MDS \[[@b129-ijms-14-15029]\]. Another phase II study demonstrates the feasibility of azacytidine treatment for AML in elderly or frail patients \[[@b130-ijms-14-15029]\]. A recently published Phase III study reports azacytidine benefit on overall survival of patients with higher-risk MDS (NCT00071799) \[[@b131-ijms-14-15029]\].

### 6.1.2. Decitabine

Decitabine (Dacogen^®^, MGI Pharma, Bloomington, MN, USA) or 5-aza-2′-deoxycytidine is a desoxyribose analog of cytosine. Conversely to azacytidine, which is incorporated in DNA and RNA, decitabine is only incorporated in DNA. This analog is also tri-phosphorylated to be active. It leads to DNMT depletion and genome hypomethylation. Toxic at high doses, decitabine is well tolerated at lower doses \[[@b132-ijms-14-15029]\]. Recently, a study shows lower toxicity of a derivative of decitabine, the 2′-deoxy-5,6-dihydro-5-azacytidine at doses that induce similar DNA hypomethylation and gene reactivation \[[@b133-ijms-14-15029]\]. Like azacytidine, decitabine is currently used for the treatment of AML and MDS \[[@b126-ijms-14-15029]\]. Several clinical trials are now testing the effects of decitabine in combination with other drugs on solid tumors. Effects of decitabine and Peg-interferon are being evaluated on patients with melanoma (NCT00791271). Decitabine in combination with temozolomide and panobinostat is being tested for the treatment of resistant metastatic melanoma (NCT00925132). A phase I/II trial is aimed at measuring the effects of tamoxifen following epigenetic regeneration of estrogen receptor using decitabine and LBH 589 in patients with triple negative metastatic breast cancer (NCT01194908). Other analogs, such as 5-fluoro-2′-deoxycytidine, have been synthesized and are being evaluated in combination with tetrahydrouridine for head and neck neoplasm, lung neoplasm, urinary bladder and breast neoplasms (NCT00978250). Second generation analogs are also emerging. For instance, SGI-110 (Astex Pharmaceuticals), a dinucleotide "decitabine-p-deoxyguanosine" acts as a pro-drug of decitabine. It is described as an effective DNA methylation inhibitor *in vivo*, retarding tumor growth \[[@b134-ijms-14-15029]\]. It is now being tested for the treatment of AML and MDS (NCT01261312).

### 6.1.3. Zebularine

Zebularine or 1-(b-D-ribofuranosyl)-1,2 dihydropyrimidin-2-one (Tocris Bioscience) is a nucleoside analog of cytidine. It is a transition state analog inhibitor of cytidine deaminase (CDA) by binding to its active site \[[@b135-ijms-14-15029]\]. Besides CDA inhibitory effects, zebularine has been demonstrated to be a DNMT inhibitor that displays antitumor activity and little toxicity \[[@b136-ijms-14-15029]\]. Zebularine is mostly studied for its therapeutic activity on AML \[[@b137-ijms-14-15029]\]. Preclinical studies on a Apc^(min+)^ mouse model show that long-term oral administration of zebularine causes a gender-specific abrogation of intestinal tumors while causing a tissue-specific DNA demethylation \[[@b138-ijms-14-15029]\]. A more recent study demonstrates that in the Kasumi-1 AML cells *in vitro* model, zebularine treatment leads to different gene profiles and no hypomethylation capacity when compared to decitabine and azacytidine \[[@b139-ijms-14-15029]\]. This study demonstrates that while they are known as DNA methylation inhibitors, the effects of these drugs are mediated by different mechanisms that probably overlap. Despite its promising tumor effects, to our knowledge, there are no clinical trials using zebularine.

These three classes of first generation nucleosides show excellent results for the treatment of AML and MDS. However, it seems important to keep in mind that these inhibitors can also lead to the demethylation and re-expression of pro-metastatic genes \[[@b140-ijms-14-15029]\]. A need for more specific DNMT inhibitors and proper utilization of these drugs is required. Several second-generation compounds have been developed, e.g., NPEOC-DAC, CP-4200, RX-3117, thio-cytidine derivatives, *etc.*; however, despite promising preclinical results, no clinical trials have yet been initiated \[[@b141-ijms-14-15029]\].

6.2. Non-Nucleoside DNA Methylation Inhibitors
----------------------------------------------

Unlike nucleosidic inhibitors, the mechanism of action of non-nucleosidic DNA methylation inhibitors does not imply their incorporation into DNA molecules. For some of them the actual mechanism that leads to DNA demethylation is unclear.

### 6.2.1. Hydralazine

Hydralazine belongs to the hydrazinophthalazine class of drug. It functions as a smooth muscle relaxant. In 1988, Cornacchia *et al.* reports that hydralazine, a drug associated with a lupus-like autoimmune disease, inhibits DNA methylation and induces self-reactivity in cloned T cell lines \[[@b142-ijms-14-15029]\]. A later study reveals that treatment with hydralazine reactivates methylated TSG such as p16ink4a in several cell lines \[[@b143-ijms-14-15029]\]. A phase I study shows that hydralazine treatment of four patients with cervical cancer restores the expression of methylated TSG without affecting global DNA methylation \[[@b144-ijms-14-15029]\]. However, the exact mechanism of the DNA demethylating effects of hydralazine is still not understood. A comparative study of non-nucleoside DNA methylation inhibitors even report an absence of effects on global and TSG demethylation \[[@b145-ijms-14-15029]\]. Often used for the treatment of hypertension, the anti-tumor activity of hydralazine in combination with valproate acid is being tested in several clinical trials. For instance, a phase II trial is testing the effects of hydralazine and magnesium valproate treatment of patients with refractory solid tumors (NCT00404508). In other reported cases, the effects of hydralazine/valproate acid are evaluated in addition to conventional chemotherapies (NCT00404326).

### 6.2.2. Procainamide Derivatives

Procaine is a well known local anesthetic that belongs to the amino ester group. Procainamide, a derivative of procaine, is commonly used for both supraventricular and ventricular arrhythmias \[[@b146-ijms-14-15029]\]. These two drugs are demonstrated to interact with CpG rich DNA regions and lead to DNA demethylation of TSG such as the *RAR beta 2* gene \[[@b147-ijms-14-15029]\]. Procainamide is also a specific inhibitor of DNMT1 \[[@b148-ijms-14-15029]\]. It displays *in vitro* growth-inhibitory effects on MCF-7 cells. However, these results are contrary to another study demonstrating that procaine and its derivatives does not induce global DNA demethylation in several cell lines \[[@b149-ijms-14-15029]\]. Recently, six conjugates of procainamide were synthesized and showed potent inhibitory effects on the DNMT3A/3L complex and DNMT1 \[[@b150-ijms-14-15029]\]. Another procainamide derivative, IM25 was identified from a large screening effort. It exhibits high potency in GSTp1 DNA demethylation in the MCF-7 breast cancer cell model \[[@b151-ijms-14-15029]\]. Despite these promising results, the compounds are not yet tested for their anti-tumor effects in clinical trials.

### 6.2.3. Flavonoids

Flavonoids form a wide family of plant secondary metabolites. They are the most important plant pigments for flower coloration. The most studied flavonoids in cancer are the (−)epigallocatechin-3-*O*-gallate (EGCG) and genistein, components of green tea and soybean, respectively. A first study reveals their DNA methylation inhibitory effects on TSGs in esophageal squamous carcinoma cells \[[@b152-ijms-14-15029]\]. Although EGCG is described as a direct inhibitor of DNMTs, the exact mechanism of action and DNA methylation inhibitory effects are still subject to controversy \[[@b145-ijms-14-15029],[@b149-ijms-14-15029],[@b153-ijms-14-15029],[@b154-ijms-14-15029]\]. Nevertheless, several clinical trials are currently testing flavonoids as potential anti-tumor therapy. For instance, a phase II study is evaluating the benefit of a genistein treatment in patients with prostate cancer a few months prior to radical prostatectomy (NCT01126879).

### 6.2.4. Other Inhibitors

Several other compounds like curcumin and derivatives were reported as potential DNA methylation inhibitors. Others were synthesized RG108 (phthalimido-*[l]{.smallcaps}*-tryptophan), MG98 (DNMT1 antisense oligonucleotide), and SGI-1027 (lipophilic quinoline) \[[@b122-ijms-14-15029]\]. MG98 toxicity was evaluated in several phase I clinical trials in patients with AML, MDS or advanced solid tumors \[[@b155-ijms-14-15029],[@b156-ijms-14-15029]\]. However, none of these inhibitors have entered clinical trials for anti-tumor therapy.

7. Conclusions
==============

The accumulated interest for DNA methylation-based biomarkers for cancer diagnosis in the last two decades has been highly impressive. Discoveries of original DNA methylation marks follow the continuous technological improvements of DNA methylation studies, which can provide tremendous amount of data. We illustrate that most of the DNA methylation marks described in the literature are common among cancers and that few overcome the principal requirements for clinical contribution. Hence, despite the growing interest for DNA methylation biomarkers, one should stay attentive to basic clinical requirements to ensure their reliability. Accordingly, over fitting, the use of large independent cohorts, and standardization in DNA methylation level assessment have to be accounted for to propose *bona fide* biomarkers suitable for clinical cancer diagnosis.
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